Grate and co-workers at Pacific Northwest National Laboratory recently developed high information content triazine-based sequence-defined polymers that are robust by not having hydrolyzable bonds and can encode structure and functionality by having various side chains. Through molecular dynamics (MD) simulations, the triazine polymers have been shown to form particular sequential stacks, have stable backbone-backbone interactions through hydrogen bonding and π-π interactions, and conserve their cis/trans conformations throughout the simulation. However, we do not know the effects of having different side chains and backbone structures on the entire conformation and whether the cis or trans conformation is more stable for the triazine polymers. For this reason, we investigate the role of non-covalent interactions for different side chains and backbone structures on the conformation and assembly of triazine polymers in MD simulations. Since there is a high energy barrier associated to the cis-trans isomerization, we use replica exchange molecular dynamics (REMD) to sample various conformations of triazine hexamers. To obtain rates and intermediate conformations, we use the recently developed concurrent adaptive sampling (CAS) algorithm for dimer of triazine trimers. We found that the hydrogen bonding ability of the backbone structure is critical for the triazine polymers to self-assemble into nanorod-like structures, rather than that of the side chains, which can help researchers design more robust materials.
I. INTRODUCTION
Molecular dynamics (MD) simulations are becoming as indispensable as experiments, since they can give us insight into mechanisms of how bio-molecules change their conformations with fine resolution. We can also test the effects of different experimental conditions, discern favorable conformations, and discover major pathways and associated rates for the bio-molecules. In short, MD simulations are truly becoming "microscopes" that can elucidate important biophysical phenomena such as protein folding.
However, MD simulations by themselves are limited in predictive power, since the biomolecules routinely get "stuck" in metastable states and do not change their conformations for a long period of time. Moreover, most interesting biological processes have timescales in milliseconds and longer, whereas MD simulations have to be run using femtosecond time steps, since they are limited by the fastest motions in the system such as vibrations of water.
The long timescale is usually due to the presence of energy barriers or the process having a long diffusion time.
As a result, many enhanced sampling methods have been developed by various researchers over the past few decades to overcome this timescale barrier. The enhanced sampling methods can be broadly divided into two classes: (1) thermodynamic methods that bias the system to shorten the long time-correlation of trajectories (due to energy barriers) and efficiently sample free energy landscapes and (2) state-based methods that divide up the conformational space and sample both thermodynamic and kinetic properties. Some of the popular thermodynamic methods include replica exchange molecular dynamics (REMD), umbrella sampling, metadynamics, and adaptive biasing force method [1] [2] [3] [4] . On the other hand, some of the popular state-based methods include building a Markov state model (MSM) that reconstructs global kinetic properties from short simulations, and the weighted ensemble (WE) method that samples full trajectories going over barriers 5, 6 . Depending on
the system and what properties we are interested in uncovering, we can use the appropriate enhanced sampling method for the system.
In this paper, we are interested in using MD simulations to uncover properties of triazinebased sequence-defined polymers that were recently developed by Grate and co-workers 7 .
These new sequence-defined polymers encode structure and functionality by having various side chains and are robust by not having susceptible peptide bonds that can be cut by pro-teases. In Ref. 7 , MD simulations have shown that the triazine polymers can have multiple backbone-backbone interactions through hydrogen bonding and π-π interactions. In particular, the all cis triazine polymers self-assemble and form a nanorod-like structure, which has motifs resembling those of DNA, α-helices and β-sheets (not experimentally verified).
Overall, the biomimetic triazine polymers have great potential to become useful building blocks for new macromolecules and materials with desired functions.
However, there are many questions that need to be answered regarding the triazine polymers. For instance, we do not know how different side chains other than S-ethyl and different backbone structures may modulate the self-assembly process. In addition, even though the triazine polymers conserve their cis/trans conformations throughout the simulation, the cis-trans isomerization has a high energy barrier of ∆G = = 15 kcal/mol (experimentally measured), which is close to the rotational barrier for peptides that is 16-20 kcal/mol [8] [9] [10] .
This is due to the bond having a partial double bond character from the delocalization of the triazine π electrons and the nitrogen lone pair. Nonetheless, the cis-trans isomerization is a process that can happen in seconds in the laboratory, so the all cis and/or all trans may not be the most stable conformations and each triazine polymer will most likely transition into its most stable conformation after seconds pass. In general, the cis-trans isomerization is known to play an important role in protein folding, cellular signaling, and ion channel gating 11 .
Unfortunately, MD simulations need to be run for an intractable period of time to even show a single cis-trans isomerization. Hence, MD simulations show the triazine polymers conserving their cis/trans conformations throughout the limited runs, even though this may not be true in reality after much longer timescales have been reached. As previously mentioned, it is essential to use enhanced sampling methods to overcome the timescale gap between simulations and biological processes, observe the isomerizations, and discover the most stable conformations for the triazine polymers. In investigating the role of different side i.e., have a reaction coordinate that equals the total number of hydrogen bonds and π-π interactions for the self-assembly of triazine polymers. Hydrogen bonds are strong driving forces of self-assembly due to their complementarity, directionality, and strength 8, 14 . π-π interactions are weaker but can help stabilize self-assembled molecules 14 .
The next sections detail the methods used and results from our studies. By using REMD and the CAS algorithm, we found that the hydrogen bonding ability of the backbone structure is essential for the triazine polymers to self-assemble into nanorod-like structures, rather than that of the side chains. This main result and other results in this paper can help researchers design materials with desired properties without having to test various starting structures beforehand.
II. METHODS

A. CAS Algorithm
The concurrent adaptive sampling (CAS) algorithm is a state-based enhanced sampling method that is based on the weighted ensemble (WE) method 6,15-24 . The WE method replaces a single long simulation with many simulations that are resampled at frequent intervals and carry probabilistic weights. This way, the WE method is able to observe rare trajectories and obtain overall better sampling statistics. The system's kinetics are not altered, so we can directly obtain both thermodynamic and kinetic properties from the method. If we were only interested in sampling thermodynamic properties, however, then other methods like umbrella sampling and replica exchange molecular dynamics (REMD) Within each macrostate, the WE method maintains a fixed target number of walkers that carry probabilities or "weights." A fixed target number of walkers is maintained by merging or splitting walkers in a statistically correct way, which is called "resampling." Fig. 1 shows how the walkers, which are represented as circles, are resampled in a simple simulation. The walkers' weights are represented by the black portion in the circle, e.g., the two walkers in the initial stage of the simulation both have weights of 0.5, so half of the circles are filled with black. This technique is used to maintain a constant stream of walkers, irrespective of the energy barrier height. Note that the walkers' weights are always equal to the mean weight of the macrostate in Fig. 1 position to control accuracy for the WE method because the Markovian assumption is not required. The only thing to note is that we need to pick a simulation time that is long enough to observe desired transitions but not too long so that we inadvertently miss those transitions. After we pick the simulation time and run the WE method for some number of steps with resampling, the distribution of walkers will relax within each macrostate and will be closer to converging to the exact distribution. Although the WE method is guaranteed to converge to the exact distribution, it loses efficiency if macrostates are not correctly defined. In addition, finding the right partition becomes significantly more difficult for highdimensional spaces. Nonetheless, the WE method results are not sensitive to the simulation time, and the macrostate decomposition only controls the efficiency of the method.
Moreover, convergence is easy to monitor for the WE method, whereas MSMs may need to be reconstructed again if the memory effects are found to be big. To determine convergence of the WE method, we monitor the macrostates' probabilities and determine whether the error is small or not. To obtain accurate fluxes, we monitor the error of the fluxes and run the simulation until it is small enough 29, 30 . In other words, we can run the WE method for longer until the errors are small enough without losing the data that we have already gathered. However, both methods have difficulty in getting initial data and early trajectories with zero information, unless good reaction coordinates are provided to move the system forward. Despite this, the WE method is preferable to MSMs in many cases given that it is more robust and that MSMs have uncontrollable errors unless macrostates are chosen carefully.
Considering these shortcomings of the vanilla WE method, the CAS algorithm was recently developed 13, 32 . The method can be used for systems in which the reaction coordinates are largely unknown because it can easily have more than two reaction coordinates, making the true reaction coordinates a function of those selected. In addition, the macrostates can be adaptively constructed as the CAS algorithm simulation proceeds so that we can sample conformations and pathways without having to define an intractable number of macrostates in high-dimensional space. Furthermore, the macrostates can be constructed in an optimal way by using the committor function, which makes the simulation focus sampling the slowest process and control computational cost as a result. Other related WE methods that can have many reaction coordinates and adaptive macrostates include the WE-based string method and the WExplore method 15, [33] [34] [35] [36] . In this paper, however, we did not use these features from the CAS algorithm since there was no need for the systems that we studied. Finally, since the CAS algorithm is an extension of the WE method, it can be coupled with any MD simulation program to run walkers simultaneously, achieving computational efficiency proportional to available computational resources, similar to the WE method implementations like WESTPA and Workqueue 20,37 .
However, note that the CAS algorithm only addresses a few shortcomings of the vanilla WE method, i.e., macrostate partitioning and limitation to one or two reaction coordinates.
The CAS algorithm's efficiency depends on the initialization data and the choice of reaction coordinates. Additionally, trial and error is necessary to get optimal parameters (simulation time τ and target number of walkers per macrostate) to use the CAS algorithm in practice. Since the hexamer is all cis, all of the ten dihedrals are around 0 • .
B. Reaction Coordinates
To study the self-assembly of dimers of triazine trimers and conformational changes of a single triazine hexamer, we chose the reaction coordinates to be the total number of noncovalent interactions, i.e., hydrogen bonds and π-π interactions and the dihedrals that are associated with bonds that can be cis or trans. We kept track of hydrogen bonds that were 2.5Å or shorter between the backbone and the triazine rings and π-π interactions that were 4.2Å or shorter in distance between centers of mass of two triazine rings. Note that the dihedrals are not exactly the same as the conventional ω dihedrals, which determine the cis/trans conformation in peptide bonds. But like the regular ω dihedrals, the molecule is cis when the dihedrals are all equal to 0
• and trans when they are all equal to 180
• . Fig. 2 shows the dihedrals that indicate cis/trans bonds for a single triazine hexamer.
Specifically, for the dimers of triazine trimers with sulfur backbone (which cannot hydrogen bond), we kept track of three reaction coordinates, i.e., the total number non-covalent interactions (ranging from 0 to 4 or 0 to 8), the total number of trans bonds for the first trimer (ranging from 0 to 4, where Eq. (1) is used to indicate the degree of isomerizing to trans for each dihedral angle), and the total number of trans bonds for the second trimer For the single triazine hexamer, we kept track of two reaction coordinates, i.e., the total number of hydrogen bonds (ranging from 0 to 11, where the maximum number slightly varies between different hexamers) and the total number of trans bonds for the hexamer (ranging from 0 to 10, where Eq. (1) is used again for each dihedral). The number of π-π interactions was not kept track of due to the difficulty of differentiating true π-π interactions from triazine rings that were just close together by distance. This way, the dimer of triazine trimers case was reduced to a one-dimensional or three-dimensional space sampling problem and the single triazine hexamer case was reduced to a two-dimensional space sampling problem.
The total number of non-covalent interactions is a non-continuous reaction coordinate, which would not be suitable for most biasing force enhanced sampling methods that require differentiable reaction coordinates. Fortunately, the CAS algorithm can have discrete reaction coordinates. To test whether the total number of non-covalent interactions is indeed a good choice for a reaction coordinate, we tested other choices such as the radius of gyration (R g ) and the distance between the centers of mass of triazine trimers. First, we plotted how each reaction coordinate, i.e., the total number of non-covalent interactions, radius of gyration, and distance between the centers of mass of triazine trimers, changes over time from 200 to 500 ns of brute force MD simulation data, for all cis and all trans cases for the original dimer of triazine trimers in Ref. 7 . We picked 200 ns as a starting point since that is when the dimer stays around its most stable state (nanorod for all cis and intertwined for all trans). From Fig. 3 , we can see that while the total number of non-covalent interactions and distance between trimers change only slightly, the radius of gyration fluctuates dramatically and takes on different values for the same structure throughout the simulation. Hence, we concluded that the radius of gyration is not a suitable reaction coordinate to describe the conformations of the dimer of triazine trimers. To further test whether the distance between trimers is a suitable reaction coordinate, we plotted the distance between trimers for each total number of non-covalent interactions from 200 to 500 ns of brute force MD simulation data. We wanted to see whether there was a correlation between the two reaction coordinates. From Fig. 4 , we can see that the two reaction coordinates are not significantly correlated with each other, since for the same total number of non-covalent interactions, the distance between trimers can take many different values and vice versa. Hence, in order to precisely differentiate between different conformations, we concluded that the total number of non-covalent interactions is a more suitable reaction coordinate compared to the distance between trimers.
C. Triazine Polymers
In Ref. 7 , in which the first MD simulations of the triazine polymers were published, the dimer of triazine trimers, in all cis and in all trans conformations for separate simulations, had alkane thiol (specifically S-ethyl) side chains that could not participate in hydrogen bonding and an amino backbone that could participate in hydrogen bonding. It was shown that from brute force MD simulations a dimer of all cis triazine trimers forms a nanorodlike structure (which represented 100% of the total ensemble) that is stabilized by hydrogen bonds between the two backbones and three pairs of parallel π-π interactions between the Table II . All eight systems, including the cis and trans conformations of the original molecule, were simulated with REMD.
The goal was to find out whether the side chain and/or the backbone having hydrogen bonding abilities was essential for the nanorod to form. The hydrogen bonding side chains also differed from each other in terms of strength so that we could investigate whether the difference in hydrogen bonding strength affected the thermodynamic and kinetic properties of the triazine polymer.
D. Simulation Protocol
The triazine polymers were all simulated with GROMACS 4.6.4 at temperature T = 300 K with time step ∆t = 2 fs 41 . Most simulation parameters were identical to the ones in Ref. 7 , including the force field that was generated using generalized Amber force field replicas that uniformly span from 300 K to 800 K were used for each simulation, with exchanges occurring every 1000 steps (2 ps) and a Metropolis acceptance rate of about 50%.
The replicas were first equilibrated for 200 ps at each temperature before the 500 ns production runs, which saved conformations and potential energies every 2 ps. REMD was used for the single triazine hexamer simulations to observe the hexamers folding onto itself, since there is a high energy barrier associated with rotating the bond between the linker nitrogen and the triazine ring as previously mentioned.
III. RESULTS
A. Replica Exchange Molecular Dynamics
To obtain the free energy landscape and the most stable conformation for each hexamer listed in Table II , we simulated each hexamer, all cis and all trans separately as starting conformations, with replica exchange molecular dynamics (REMD) for 500 ns, as done in
Ref. 7 and Ref. 12 . We also ran a REMD simulation of a single triazine trimer with S-ethyl side chains to investigate the free energy landscape of a much simpler molecule for reference and followed the same simulation protocol as the hexamers. We used the last 400 ns of the 500 ns simulation run and since both all cis and all trans simulations were used for each
trimer/hexamer, we ended up using 800 ns of simulation data to calculate the free energy landscape for each trimer/hexamer. The multistate Bennett acceptance ratio (MBAR), specifically the Python implementation by Shirts and Chodera, was used to calculate the free energy landscapes 48 . To test for convergence of all REMD simulations, we followed
Ref. 49 and Ref. 50 and calculated the average number of round-trips, i.e., how many times a replica visits both the lowest and the highest temperatures for each hexamer in a given observation time τ . We set τ = 10 ns and measured how the average number of round-trips changes as we increase the simulation time. With REMD, each triazine trimer/hexamer was able isomerize easily from cis to trans and vice versa. Fig. 6 shows the free energy landscape and the most stable conformation obtained for the trimer with S-ethyl side chains (0 hydrogen bonds and 1 trans bond). Fig. 7 , Fig. 8 , Fig. 9 , and Fig. 10 show the free energy landscape and the most stable conformation obtained for the hexamer with S-ethyl side chains (7 hydrogen bonds and 5 trans bonds), the hexamer with amino-ethyl-sulfide side chains (4 hydrogen bonds and 3 trans bonds), the hexamer with amino-ethyl side chains (5 hydrogen bonds and 6 trans bonds), and the hexamer with amino side chains (6 hydrogen bonds and 7 trans bonds), respectively.
As previously mentioned, the original triazine polymers in Ref. 7 had S-ethyl side chains that cannot participate in hydrogen bonding and amino backbone that can participate in hydrogen bonding. A single hexamer with the same side chains and backbone was shown that it can fold onto itself and form a nanorod structure stabilized by hydrogen bonds and π-π interactions from REMD simulations, which comprised 19% of the total ensemble when k-means was used as a clustering method and root-mean-square distance (RMSD) to the starting conformation was used as a distance metric 7 . The nanorod structure represented the second of the four ordered clusters. Fig. 7 shows that the nanorod structure indeed appears when the hexamer folds onto itself and has 8 hydrogen bonds and 2-3 trans bonds. trimers listed in Table I, Table I . Finally, Fig. 20 and Fig. 21 show results for the dimer with amino side chains and bonds for the other triazine trimer.
These various triazine trimers were tested to find out whether the nanorod structure will still be present for the all cis triazine trimers if their backbones lose hydrogen bonding ability and/or if their side chains have hydrogen bonding abilities in different strengths. In the results, the initial brute force MD simulation data is shown for comparison to the final free energy landscape obtained from the CAS algorithm simulation. The brute force points are plotted in log scale or −k B T ln P (kcal/mol), where P denotes the overall weight obtained during the 500 ns simulation. The CAS algorithm points are also plotted as −k B T ln P (kcal/mol), where P denotes the average weight obtained during the 2 µs simulation. The standard deviation of the free energy was multiplied by 2, which approximately represents 95% confidence interval, for error bars. To plot the transition matrix points, the transition matrix, where each entry T ij equals the average of the weights going from macrostate i to macrostate j and vice versa, was calculated at every resampling step during the 2 µs CAS algorithm simulation. The transition matrices were calculated this way so that they fulfilled detailed balance, as done in Ref. 13 , which followed Ref. 52 . The equilibrium weights, or the eigenvector corresponding to eigenvalue λ 1 = 1, were obtained from the averaged transition matrix. The transition matrix points are plotted as −k B T ln P (kcal/mol), where P denotes the equilibrium weights. We found that the free energy landscapes from the transition matrix and from the CAS algorithm closely matched with each other and that the CAS algorithm produced free energies with low error bars, indicating that the CAS algorithm simulation has well converged to steady-state.
For the dimers of triazine trimers with amino backbone, the forward (reactant to product) and backward (product to reactant) fluxes over simulation time for all cis and all trans are also shown, and their final values are listed in Table III . Specifically, for all cis simulations, the reactant states had the total number of non-covalent interactions range from 0 to 4, whereas the product states had the number range from 9 to 11. For all trans simulations, the reactant states had the total number of non-covalent interactions range from 0 to 2, whereas the product states had the number range from 6 to 8. The fluxes were calculated by labeling walkers with colors, which indicated whether they last came from the reactant or the product. Hence, the walkers changed color whenever they reached the other state, which effectively kept track of their history. In order to calculate the uncertainties in the flux, we used the bootstrapping procedure, which draws first passage times randomly with replacement for a number of times that is proportional to the total simulation time. The standard deviation of the flux was then multiplied by 2, which approximately represents 95% confidence interval, for error bars.
The brute force MD simulations were not suitable for calculating fluxes since the dimer mostly stayed in its most stable all cis or all trans conformation once it reached it. Note that the backward fluxes converge slower than forward fluxes since the backward reaction has to go over a much higher energy barrier than that of the forward reaction. With the CAS algorithm, we were able to obtain both forward and backward fluxes with small error bars. For all cases, the forward flux was much higher than the backward flux, indicating that it is unlikely for the dimer to unfold from the product or the most stable all cis or all trans conformation. In addition, the forward and backward fluxes did not linearly increase or decrease as the hydrogen bonding ability of the side chains increased as seen in Table III .
This indicated that having hydrogen bonding side chains does not affect the kinetics in a straightforward, predictable manner and more studies need to be done to truly understand how different hydrogen bonding side chains affect kinetics.
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Finally, the most stable all cis or all trans conformation, which also corresponds to the lowest free energy point in the all cis or all trans isomer landscape, and the intermediate conformation, which approximately has a committor function value of 0.5, are shown for each all cis or all trans dimer of triazine trimers. The committor function represents the probability going from reactant to product before reaching the reactant again. The committor function was calculated by dividing the transition matrix eigenvector corresponding to the second biggest eigenvalue λ 2 by the transition matrix eigenvector corresponding to the biggest eigenvalue λ 1 = 1, or ρ 2 /ρ 1 , as done in Ref.
13. The committor function was then normalized to range from 0 to 1 to represent probability. We found that the most stable all cis conformation is the nanorod structure and the most stable all trans conformation is the intertwined structure for every dimer of triazine trimers with amino backbone. But note that the nanorod structure or the intertwined structure might not be the most stable conformation if we take into account all of the various cis/trans isomers. Additionally for all cases, the conformation with a committor function value of approximately 0.5 corresponded to the energy barrier point that separated the initial state from the final, most stable all cis or all trans state. This makes sense since at that point, there is an equal probability of going to the final, most stable all cis or all trans state or going back to the initial state. On the other hand, when the dimers have sulfur backbone instead, then neither the nanorod structure nor the intertwined structure is observed and the most stable conformations become entirely different structures. Note that for the dimers of triazine trimers with sulfur backbone, only half of the cubic free energy landscape space is filled since the trimers are equivalent. Moreover, for the dimer of triazine trimers that have S-ethyl side chains and sulfur backbone, the triazine trimers have no hydrogen bonding ability so the only non-covalent interaction that binds the two triazine trimers is the π-π interaction.
Overall, the CAS algorithm is effective at obtaining a converged one-dimensional free energy landscape and fluxes between the initial state and the final, most stable all cis or all trans state for the all cis and all trans dimers of triazine trimers with amino backbone.
It is also effective at identifying intermediate conformations by calculating the committor function. Unfortunately, the dihedral angles were not sufficiently good reaction coordinates for the CAS algorithm to efficiently sample cis-to-trans isomerizations and vice versa and obtain steady-state weights for the dimers that had amino backbone. More work needs to be done to identify better reaction coordinates that would allow us to sample cis-to-trans isomerizations and vice versa for triazine polymers with amino backbone using the CAS algorithm so that we can identify the most stable cis/trans isomer.
IV. DISCUSSION
The triazine-based sequence-defined polymers have immense potential to be useful building blocks for new materials. By having bonds that are not susceptible to proteases, the triazine polymers are innately robust. By being able to have various side chains, the triazine polymers can form various macromolecules with desired structure and function. However, in order for the triazine polymers to be used for production, MD simulations need to be used to first uncover their properties and mechanism.
Ref. 7, which is the first and (so far) the only publication available regarding the triazine polymers, details the experimental and computational studies done on the triazine polymers. In preliminary experiments, Grate and Mo have investigated disubstituted triazine hexamers that had two pyrene labels along the chain. The ratio of excimer to monomer fluorescence intensities is expected to be related to the physical distances between pyrene moieties. The observed trend among the disubstituted hexamers with regard to excimer to monomer ratios, based on fluorescence, is consistent with folding and inconsistent with extended linear conformations. For instance, the highest ratio, indicating the closest pyrenes, was observed for 1,6-labeled hexamers, where pyrenes are farthest in distance along the chain but would be closest if the hexamer is folded. Hence, both MD simulations and preliminary experimental work support that triazine hexamers prefer being folded. However, since there is still more to uncover regarding the triazine polymers and computational studies can be more easily done compared to experimental studies, we investigated the effects of side chains and backbone structure on the conformation and assembly of triazine polymers using MD simulations.
Unfortunately, MD simulation by itself is limiting in timescale, so enhanced sampling methods are necessary to overcome the timescale barrier between simulations and biological processes and efficiently obtain thermodynamic and kinetic properties. By using REMD, we were able to obtain the entire free energy landscapes and identify the most stable conformation for a variety of triazine hexamers. By using the CAS algorithm 53 , we were able to obtain converged one-dimensional free energy landscapes, fluxes between the initial state and the final, most stable all cis or all trans state, and most stable and intermediate conformations for various all cis and all trans dimers of triazine trimers with amino backbone.
With regard to forming the nanorod structure seen previously, we found, using the CAS algorithm, that if the backbone has amino groups in the linker sections, then the nanorod structure is formed and is the most stable conformation for the dimer of all cis triazine trimers, regardless of whether the side chains can hydrogen bond or not. For the dimer of all trans triazine trimers, we found that the intertwined structure is the most stable confor- Similarly, we found, using REMD, that the nanorod structure appears for all cases, since all of the hexamers had hydrogen bonding amino backbones. Taken together, we found that having hydrogen bonding backbones, rather than hydrogen bonding side chains, are critical for the triazine polymers to self-assemble into the nanorod structure.
For future work, better reaction coordinates other than the dihedral angles need to be identified to efficiently sample cis-to-trans isomerizations and vice versa using the CAS algorithm. Then we will be able to identify which isomer is the most stable one for the dimer of triazine trimers. If the all cis dimer is found to be the most stable isomer, then the nanorod structure that they form will be robust and have potential to be used as building blocks for new materials. Additional work needs to be done on longer triazine polymers and with different experimental conditions (solvent, temperature, etc.) to get a more general understanding of the self-assembly of triazine polymers. Greg Schenter for discussing the outline of the paper. We also thank the reviewers for giving us helpful comments that improved the content of the paper. 
